We present measurements of the tau Michel Parameters made by the CLEO experiment. Three different analyses are performed: a spin-independent lepton spectrum analysis and a second spin-dependent analysis using ℓ ± vs. π ∓ π 0 events, and a third spin-dependent analysis using π + vs. π − events. the results are used to derive limits on the general four-fermion couplings, the mass of the charged Higgs in the MSSM, and a right-handed W in left-right models. Many of these measurements are more precise than the PDG world averages.
INTRODUCTION
Heavy lepton (µ, τ ) decays are mediated (in the Standard Model) by the charged weak current, carried by W ± force bosons with a V − A Lorentz structure. As a consequence, such decays exhibit maximal parity violation, while conserving CP. The couplings of all the charged leptons to the W ± are consistent with being exactly equal (universality).
Many extensions to the Standard Model predict small deviations from the V − A law, and/or fermion universality. Such deviations can be observed in sensitive measurements of the Lorentz structure of the weak interaction. In leptonic decays of the µ and τ leptons, in which the outgoing neutrinos are unobserved, the dynamics of the decay can be described in terms of the Michel parameters [1] . The precise measurement of these parameters can be used to search for evidence of, or provide limits on, processes which go beyond the pure V − A structure of the charged weak current. In particular, they are sensitive to the presence of small scalar currents (such as those mediated by the charged Higgs of the Minimal Supersymmetric extensions [2] to the Standard Model, MSSM), or small deviations from maximal parity violation (such as those mediated by the right-handed W R of left-right symmetric extensions [3] to the Standard Model).
In the decays of the τ to ℓνν, information on the decay can be extracted from the shape of the momentum distribution of the lepton ℓ, and from its angular distribution relative to the parent τ spin direction [1, 4] . After integration over the unobserved neutrino momenta and the spin of ℓ, and neglecting radiative effects we can write the charged lepton momentum spectrum as:
where ρ and η are the spectral shape Michel parameters and ξ and δ are the spin-dependent Michel parameters [1] ; x = E ℓ /E max is the daughter charged lepton energy scaled to the maximum energy E max = (m 2 τ + m 2 ℓ )/2m τ in the τ rest frame; θ is the angle between the tau spin direction and the daughter charged lepton momentum in the τ rest frame; and P τ is the polarization of the τ . In the Standard Model (SM), the Michel Parameters have the values ρ = 3/4, η = 0, ξ = 1 and δ = 3/4. Since τ + τ − events are produced with no net polarization at e + e − centerof-mass energies below the Z 0 mass, the lepton momentum spectrum alone is not sensitive to the spin-dependent parameters ξ and δ. These latter parameters are measurable by analyzing the decays of both taus in an event. In addition, semihadronic tau decays permit the measurement of the parameter h ντ ≡ ξ h = −g v g a /(g 2 v +g 2 a ), sometimes referred to as the "tau neutrino helicity", which takes the value +1 in the V − A SM.
CLEO DATA SAMPLE AND ANALY-SIS
Here we report on measurements of these Michel parameters in three separate analyses performed on data from the CLEO II experiment [5] at Cornell's CESR collider, from the reaction e + e − → τ + τ − at center of mass energy near 10.58 GeV.
In the first analysis, events of the type ℓ − νν τ vs. π + π 0 ν τ are selected 1 The π ± π 0 system is used as a tag (to identify a tau pair event), and to estimate the tau direction in the lab. The lepton energy spectrum is measured and the parameters ρ and η are extracted for τ → eνν and τ → µνν.
In the second analysis, the same ℓ − νν τ vs. π + π 0 ν τ sample used in the first analysis is again used. Here, the π ± π 0 system is used to analyze the spin of the decaying τ ± . The spin correlations produce a correlation between the π ± π 0 system from one tau and the momentum of the charged lepton from the other tau. A fitter which extracts all the available information from the full measured kinematics of these events is used to measure the parameters ρ, ξ, δ, and |h ντ |. The value of ρ obtained in this analysis supersedes that of the first, and no attempt is made to re-measure η.
In the third analysis, events of the type π − ν τ vs. π + ν τ are selected. The tau spin correlations produce correlations in the momenta of the two pions, which are used to extract |h ντ | 2 . The first and second analyses use 3.0 × 10 6 produced tau pairs, while the third uses only 1.5 × 10 6 . For the first two analyses, we select events where one τ decays leptonically (e ∓ or µ ∓ ), and the other decays to π ± π 0 ν τ . The π ± π 0 ν τ mode is used because it has a large branching fraction, negligible background from e + e − → e + e − , µ + µ − , or qq, and a high, well-understood trigger efficiency.
LEPTON SPECTRUM ANALYSIS
In the first analysis [6] , the ρ ∓ → π ∓ π 0 decay is used to estimate the τ ∓ flight direction. The angle between the ρ ∓ momentum and the tau momentum in the lab can be calculated (in the absence of radiative effects). In approximately 60% of the events, this angle is less than 11
• and is used to estimate the τ ∓ direction, and thus the recoiling τ ± direction in the lab. This permits us to boost the daughter charged lepton ℓ ± momentum into the tau rest frame so estimated (the "pseudo-rest frame" [7] ). For events in which the above angle is greater than 11
• , the ℓ ± momentum is analyzed in the lab frame.
Muons with lab frame momentum p µ < 1.5 GeV/c are not well identified in the CLEO muon detectors. We can select decays with one charged track which is inconsistent with being an electron, and which has no extra photons from π 0 decays. Such decays are most likely either τ → µνν or τ → πν. If the energy of the charged track in the pseudo-rest frame E µ < 0.6m τ then the event is kinematically inconsistent with being a τ → πν decay. We thus obtain a sample of τ → µνν decays with low momentum muons (particularly sensitive to the η parameter), with an estimated purity of 96%.
The final τ → eνν decay sample consists of 18587 events analyzed in the pseudo-rest frame and 12981 analyzed in the lab frame. The final τ → µνν decay sample consists of 12580 events with muons identified in the CLEO muon detector and 2931 events with muons identified kinematically and analyzed in the pseudo-rest frame, and 9186 events with muons identified in the CLEO muon detector and analyzed in the lab frame. Backgrounds from pions misidentified as hadrons are measured from the data and subtracted. All other backgrounds are estimated by the Monte Carlo to be negligible.
The resulting momentum spectra were fitted to Monte Carlo [8] distributions, including all radiative effects, ρ ∓ dynamics, spin correlations, and detector efficiency and resolution. The two electron spectra were fitted with one parameter, ρ e , with the result ρ e = 0.732 ± 0.015. The three muon spectra were fitted with two parameters, ρ µ and η µ , with the results ρ µ = 0.747 ± 0.055 and η µ = 0.010 ± 0.174; these values are strongly correlated (see Fig. 3 ). All five spectra were fitted simultaneously, with the constraint that ρ e = ρ µ ≡ ρ eµ , with the two parameters ρ eµ and η eµ . Note, here, that η eµ is the value of η appropriate for the muon decays, since the electron decays are largely insensitive to the value of η. The subscripted η eµ is simply a reminder that the result is obtained with the ρ e = ρ µ constraint. The results are: ρ eµ = 0.735 ± 0.014 and η eµ = −0.015 ± 0.066.
The spectra in the pseudo-rest frame, and the fit results, are shown in Figs. 1 and 2 . the results are summarized in Fig. 3 . Many systematic studies and fit variations were performed, all consistent with each other. The results quoted above include systematic errors. All these results are consistent with the Standard Model expectation that ρ e = ρ µ = 3/4 and η µ = 0. Figure 1 . The electron scaled pseudo rest frame energy spectra (solid points are data, histogram is the fit function). Open circles give the MC predicted spectrum for V +A. Events with X > 1 result from the imperfect reconstruction of the τ direction. Figure 2 . The muon scaled pseudo rest frame energy spectra (solid points are data, histogram is the fit function). Open circles give the MC predicted spectrum for η = 1. The addition of the low momentum muons results in the discontinuity observed at X µ = 0.6.
SPIN-DEPENDENT ANALYSIS
The second analysis [9] uses the same event sample as in the first, ℓ − νν τ vs. π + π 0 ν τ , but the kinematically-identified low-momentum muons are not used. We analyze the τ + → π + π 0ν τ decay to extract information on the τ + spin orientation; the QED-predicted spin correlations in e + e − → τ + τ − thus give information on the recoil τ − spin direction. We then analyze the momentum of the charged lepton in the τ − → ℓ − ν ℓ ν − τ decay in order to extract ξ and δ, separately for electronic and muonic decays. At the same time, we measure the magnitude of the tau neutrino helicity h ντ , and re-measure the ρ parameter. We assume the value of η as measured from the first analysis. We also select 11177 events of the type π − π 0 ν τ vs. π + π 0 ν τ , to extract |h ντ | with greater precision.
The ρ + → π + π 0 decay is used to analyze the parent tau spin orientation. The energy of the π + π 0 system, and the angle of the pion momentum in the π + π 0 rest frame relative to the π + π 0 momentum in the lab frame can be combined to give a "polarimeter" variable [10] relations between the value of ω from the τ + decay and the charged lepton momentum from the τ − decay are observed, consistent with Standard Model expectations.
To make full use of all the available kinematical information, we do a multi-dimensional likelihood fit to all of the observed three-momenta in the lab, using the full production and decay matrix element, including the effects of radiation (ISR/FSR, decay, and external bremsstrahlung). Schematically, for the µ − vs.ρ sample,
Here, H 1 describes the spin-independent part of the τ → ππ 0 ν decay rate, L 1 through L 3 describe the spin-independent part of the τ → ℓνν decay rate (with explicit Michel parameter dependence), and P describes the spin-independent part of the
, and C αβ describe the analogous spin-dependent quantities. All are functions of the momenta of all the observed particles.
Evaluation of the likelihood per event requires integration over the unobserved neutrinos and radiated photons: a 22 dimensional integral. This is performed using a unique "reverse Monte Carlo" technique. All major "backgrounds" (π, Kπ, π2π 0 → ππ 0 , π → µ) are modeled, with full Michel parameter dependence. The detector efficiency and resolution is fully modeled. The fit procedure was tested with many ensembles of Monte Carlo events with all three topologies (e − vs.ρ, µ − vs.ρ, ρ − vs. − ρ), including backgrounds; no bias was observed.
A measurement of the spin-dependent Michel parameters allows one to distinguish the Standard Model V − A interaction (left-handed ν τ ) from V + A (right-handed ν τ ). The probability that a right-handed (massless) tau neutrino participates in the decay can be expressed as For the µ− vs.ρ sample, the results (using η µ = 0.010 from the first analysis) are: ρ µ = 0.750 ± 0.017 ± 0.045 ξ µ = 1.054 ± 0.069 ± 0.047 ξ µ δ µ = 0.786 ± 0.041 ± 0.032, with a confidence level for the fit of 21%. We extract the limit P R τ < 0.067 at 90% CL. with a confidence level for the fit of 9%.
The following sources of systematic errors were considered: Monte Carlo statistics; lepton identification efficiency; spin analyzer efficiency; modeled backgrounds; remaining unmodeled backgrounds; contribution of ρ ′ to the ππ 0 dynamics; the value of the Michel parameter η; detector energy, momentum, and angular resolution; and modeled and unmodeled radiation effects. There is no sign of significant systematic bias, and Monte Carlo statistics remains the largest source of systematic error in most cases.
Under the assumption of lepton universality, we can constrain ρ e = ρ µ ≡ ρ eµ , and similarly for ξ and ξδ. We then obtain: ρ eµ = 0.747 ± 0.010 ± 0.006 ξ eµ = 1.007 ± 0.040 ± 0.015 (ξδ) eµ = 0.745 ± 0.026 ± 0.009.
We extract the limit P R τ < 0.044 at 90% CL. These results are consistent with the Standard Model Prediction, and are, in most cases, more precise than the world average values [11] . These results supersede those on ρ e , ρ µ , ρ eµ from the first analysis.
SPIN CORRELATIONS IN
In the third analysis [12] , we again exploit the fact that in e + e − → γ * → τ + τ − at 10 GeV, the τ spins are 95% anti-correlated. If both taus decay semi-hadronically, then in the lab frame, the differential distribution of the energies of the two hadronic systems scaled to the beam energy, x ± ≡ E ± /E b is given by:
where the functions F 1 and F 2 are well known and are particularly simple for π + vs. π − events. We select events of the type (τ
, with no extra photons. In order to suppress µ → π backgrounds, we require the pions to shower in the calorimeter. We use our limited dE/dx separation to suppress τ → K ± ν. Kinematical cuts suppress two-photon events and other backgrounds. From 1.5 × 10 6 produced tau pairs, we obtain 2041 π + vs. π − candidates. The distribution of scaled energies x + vs. x − is given in Fig. 5 .
From a fit to this distribution (and related ones), we obtain |h ντ | = 1.03 ± 0.06 ± 0.04, consistent with the SM expectation of 1.
DISCUSSION OF RESULTS
From these results, limits can be obtained on the complex couplings in the generalized fourfermion interaction model [1, 4] ; these are shown in Fig. 6 . the couplings are shown normalized to their maximum value (hence the prime ′ ), and 
LL is fixed to be real. The new results improve the limits on couplings to right-handed tau neutrinos, but are unable to distinguish amongst the couplings to left-handed neutrinos without independent information such as a measurement of the cross-section σ(ν τ e → τ ν e ). In the V − A Standard Model, all of the couplings are zero except g V ′ LL = 1. The results are clearly consistent with the Standard Model, but are still at the level of precision achieved for muon decays.
Limits on Charged Higgs
In the minimal supersymmetric extension to the Standard Model (MSSM), a charged Higgs boson will contribute to the decay of the tau, interfering with the left-handed W − diagram, and producing a non-zero value for η. For τ → µνν,
and similar formulas exist for ξ and ξδ. With the measurements reported here of η, ξ, and ξδ combined, we can extract the limit m H ± > 1.02 tan β GeV/c 2 at 90% CL. This limit is significant in comparison with direct search limits, in the region tan β ∼ > 200 [13] . 
W R in Left-right symmetric models
In left-right symmetric models [3] , there are two sets of weak charged bosons W By using the results of these analyses assuming lepton universality, especially the limit on P τ R (the probability that a right-handed tau neutrino participates in the decay), we can obtain limits on α and β in these models, shown in Fig. 7 . For mixing angle ζ = 0, we obtain m R > 304 GeV/c 2 at 90 % CL, and for free mixing angle ζ, we obtain m 2 > 260 GeV/c 2 at 90 % CL. 
SUMMARY
Using data from the reaction e + e − → τ + τ − at center of mass energy near 10.58 GeV collected with the CLEO II detector, we have studied the Lorentz structure of the τ − W − ν τ couplings. we use three different analyses to extract measurements of the Michel Parameters ρ, η, ξ, δ, and the tau neutrino helicity h ντ . All of the measurements are consistent with the predictions from the pure V − A Standard Model, at the ∼ few % level. They are, in most cases, more precise than the previous world averages.
From these measurements, we extract limits on the non-Standard Model complex couplings in the generalized four-fermion interaction model. We set a limit on the mass of the charged Higgs in MSSM models, significant for large tan β. We set limits on the mass and mixing angle of a heavy right-handed W predicted in left-right symmetric models.
In addition, we also present at this conference a precision measurement of the parity violating sign of h ντ in τ → 3πν τ decay [14] .
Our results are still statistics limited, and CLEO II already has 3 times more data collected and now available for analysis. It is worth our while to continue improving the precision of these measurements, to search for small effects due to high energy scale physics.
